The ribosomal protein L2 Is an essential component of the ribosomal large subunlt by its relation to the peptidyl transferase reaction, subunit association and elongation factor G-GTP binding. We have isolated a 937 nucleotide long cDNA encoding a cytoplasmic ribosomal L2 protein. Its deduced protein contains 260 amlno acid residues and shows 65% Identity with eucaryotlc RL2 but only 32% identity with the chloroplast homologue. In addition, the protein presents the PROSITE signature which matches all the 50S and 60S L2 proteins and the two residues involved in the peptidyl transferase activity. The corresponding mRNA is accumulated in young plant tissues, in growing cell suspension and in germinating seeds but is not detectable in mature plant tissues, stationary cell suspension and in dry seeds. The mRNA accumulation is correlated with the growth process. Southern blot hybridization shows that cytoplasmic ribosomal protein L2 is encoded by two types of gene which could originate from each parent. Highly homologous L2 genes were also detected by Southern blots In the genomes of several monocot and dicot plant species.
INTRODUCTION
Protein biosynthesis is a complex process that takes place on the ribosomes. These are composed of a large (L) and a small (S) subunit, whose components, RNAs (r-RNAs) and proteins (rp), have been isolated and characterized by chemical, physical and immunological methods, mainly in prokaryotes, such as Escherichia coli (1) , allowing the definition of prokaryotic ribosome architecture (2) .
In plants, three kinds of ribosomes are found: the chloroplastic and mitochondria] ribosomes which are very similar to those of bacteria and are formed of 50S and 30S subunits. In contrast, the cytosolic ribosomes present in all eukaryotes are formed by two larger subunits, the 60S and 40S. Nevertheless, sequence homologies in r-RNAs and r-proteins have been found between procaryotic and eucaryotic components.
The L2 ribosomal protein is known to be a component of the 50S ribosomal subunit and is the best studied r-protein of Escherichia coli and Bacillus stearothermophiltus. Experimental evidence suggests that protein L2 plays a key role in the function of the bacterial ribosome (3, 4) . L2 protein binds to 23S RNA (5-7), more precisely to the central region of the RNA chain (8, 9) . It is one of the eight ribosomal proteins which are involved in the binding of 5S RNA to 23S RNA (10) . It is also involved in the peptidyltransferase activity of the ribosome (3, 11) and amino acid residues involved in this activity have been identified (12) .
Ribosomal L2 protein has been characterized at the nucleotide and amino acids levels in prokaryotes: archebacteria (15, 43) , bacteria (12, 13, 14, 16, 17) and cyanelle (18) . Proteins homologous proteins to L2 have been identified in plant chloroplasts (20, 21, 22, 23, 24, 25, 26, 27) and one in microbic mitochondrion (37) . In addition, cytoplasmic eucaryotic L2 proteins are present in yeast (38, 39) and slime mold (19) . But no nuclear encoded L2 protein has yet been isolated in higher plants.
In this paper we present the nucleotide sequence of a nearly full-length cDNA which encodes a tobacco L2 cytoplasmic ribosomal protein. It is the first identification of a cytoplasmic ribosomal L2 protein in higher eukaryotes. The cDNA was used as a probe for studying the expression of the corresponding gene in different organs of tobacco. Analysis by Southern blot showed that the cytoplasmic ribosomal protein L2 is encoded by two types of gene, probably originating from each parent. The L2 probe hybridizes with genes present in the genome of different plant species : Solanaceae and Cruciferae in dicots and Gramineae in monocots.
MATERIALS AND METHODS Materials
Nicotiana tabacum cell suspensions were derived from pith by Jouanneau et al. (36) . They were subcultured every week by lOxdilution. Three day-old cultures contain dividing cells while 11 day-old cultures consist of non-dividing cells.
Tobacco plants were grown in a greenhouse under controled conditions. Mature tissues were collected from 3 month-old plants: fully expanded leaves, roots, stem and cortex stele. Young tissues were collected from 2 week-old plants: developing leaves and roots. Young flower buds (one cm long) were collected. Developing seeds were taken from green fruits. Dry seeds were placed on nutritional medium and germinating seeds were collected 5 days later.
Nicotiana tabacum cell suspension cDNA library Total RNA was extracted from frozen 7 day-old Nicotiana tabacum suspension cells as previously described (28) . Poly (A  + ) RNA was purified by chromatography on a oligo(dT) cellulose column. Double-stranded cDNAs were prepared using Amersham cDNA Synthesis System Plus kit, and were ligated into the vector pTZ18R. Escherichia coli DH5-a cells were transformed with the library by the method of Hanahan (30) .
Differential screening
The pTZ18R-cDNA library was plated at a low colony density and screened by differential hybridization. Duplicate Gene-Screen nylon-membrane (NEN) replicas were hybridized with 32 Plabeled single-stranded cDNAs synthesized from Poly(A + ) RNA isolated either from cell suspension in growth phase (3 dayold), stationary phase (11 day-old), or leaves. Hybridizations were performed according to the instructions from the manufacturer. Selected cDNA clones were isolated and conserved in 50% glycerol.
cDNA probes
The L2 double-stranded cDNA probe was obtained by digestion of the corresponding plasmid with the appropriate restriction enzymes and the 937 bp insert separated from the vector on an agarose gel. Recovery and elution of the insert were carried out using Schleicher and Schuell NA 45 paper according to the instructions of Maniatis (29) . A 319 bp fragment in the coding region of the cDNA was recovered by BamHI and HindlTI digestions (underlined in Fig. 1 ). This fragment, with a higher GC content, is used for the Southern blot. The probes were labeled by the multiprime technique (Amersham Kit and procedures) . They are noted 'L2 cDNA' for the entire probe and '319 bp fragment' for the BamHI-HindHI fragment.
The Arabidopsis histone H4 clone-A748-was given by Dr Claude Gigot (41) . It contains 196 bp fragment in the H4 coding region, which was excised and labeled by the same multiprime technique.
Northern-blot analysis
Total RNAs were extracted from different tissues by previously described methods (28) . RNAs from radish was given to us by M. RAYNAL. The same quantity of purified RNA (10 ng) was denatured and fractionated on denaturing gels as described by Meinkoth and WahJ (31) . RNAs were transfered onto GeneScreen membranes and prehybridized for 2 hours at 42 °C with the following solution: 50% deionized formamide, 2xDenhardt, 5XSSC, 1% SDS, 100 ,ig/ml tRNA yeast, 100 /tg/ml polyU. The membrane was hybridized in the same solution with the denatured probe at 42 C for 20 hours. The membrane was washed twice with 2xSSC at room temperature for 10 mn, and twice at 70°C with 2xSSC, 1% SDS for 20 mn. A stringent wash was made at 70°C with 0,5 XSSC, 1 % SDS during 10 mn. Hybridization to heterologous RNAs was made at 37 °C and without the stringent wash.
Southern-blot analysis DNA was extracted from different plant species as previously described, using a CsCl-ethidium bromide centrifugation protocol (46) . After digestion with appropriate restriction endonucleases and analysis on a 1 % agarose gel, DNA fragments were treated and transferred onto Gene-Screen membranes under the conditions indicated by the manufacturer. Hybridization and washing conditions were the same as for Northern blots. Hybridization to heterologous DNA was at 37 C C without the stringent wash.
Nucleotide sequences
Nucleotide sequences were determined by the dideoxynucleotide chain termination method (32) with double-stranded DNA templates using the Amersham Multiwell system as indicated by the manufacturer.
RESULTS

Selection of growth-related genes by differential screening
Genes which are preferentially expressed during the growth process were screened by differentia] colony hybridization to a pTZ18R-cDNA library. Clones that gave high hybridization signals with 32 P-labeled cDNA from suspension cells in the growth phase (3 day-old) and low signals with cDNA prepared from suspension cells in stationary phase (11 day-old) were selected.
These clones were rescreened by Southern hybridization: the cDNA inserts of selected clones were separated from the vector on an agarose gel and transferred to a membrane. They were successively screened with which are strongly expressed in cell suspension in growth phase and at a lower level in stationary phase. One of these cDNAs is analysed in this paper.
Characterization of Nicotiana tabacum cytoplasm ic L2 cDNA and the corresponding protein
The complete nucleotide sequence of a 937 bp cDNA insert was established ( fig. 1 ). The translation of this sequence shows that it contains an open reading frame corresponding to a protein of 260 amino acids. The 5' flanking region is only 7 nucleotides.The 3' untranslated region is 128 nucleotides and is followed by a 22 nucleotide polyA tract. There is no obvious polyadenylation signal upstream from this sequence.The predicted protein has 260 residues corresponding to a molecular mass of 28151 daltons. The large number of basic amino acids, 22.3%, compared with only 6.9% acidic residues indicates a predominantly basic character. It contains high levels of glycine (35 residues), arginine (26 residues), valine (22 residues), and lysine (19 residues).
A FASTA (33) search of the EMBL database shows that the nucleotide sequence has 66% identity over 750-800 nucleotides with three eucaryotic 60S cytoplasmic ribosomal protein genes -SPRKD4 and SPRPK37 of Schizosaccharomyces pombe and DDRPL2 of Dictyostelium discoideum. In addition, homologies over shorter stretches of the deduced proteins are detected with all archebacterial (15, 43) , eubacterial (12, 14, 16, 18) , chloroplastic (20, 21, 23, 25, 26, 27) and mitochondrial (42) 50S RL2 ribosomal proteins so far published, confirming that the cDNA we have isolated encodes a eucaryotic 60S ribosomal L2 protein. Nevertheless, in spite of the high homologies between our cDNA and the three eucaryotic RL2 nucleotide sequences, the Dictyostelium sequence DDRPL2 presents a base deletion equivalent to position 635 of the tobacco Nucleic Acids Research, Vol. 20, No. 7 1519 sequence and the yeast sequence SPRPK37 shows two base deletions corresponding to positions 634 and 674 which are located within the ORF and result in a frame shift. As a consequence of these deletions, the high homologies between the nucleotide sequences are no longer present in the deduced protein sequences (Fig 2) .
Expression of the tobacco cytoplasmic L2 gene
Expression in 'in vitro' cultivated cells. According to the differential screening, the transcription of the cytoplasmic L2 gene is higher in cell suspension during the exponential phase than during the stationary phase. Ten /xg of total RNA from growth and stationary phase cell suspension were separated on agarose gel and blot-hybridized to the L2 cDNA probe. The corresponding mRNA , approximatly 1.2 kb, accumulates abundantly in growing cells but is present at a low level in mature cells (Fig. 3, first two lanes) . germination, were also collected. The tissues were chosen as a function of their developmental state: on the one hand, tissues which contain dividing cells such as young leaves, flower buds, young roots, germinating and developing seeds, and on the other hand, tissues with no cell division such as adult roots, adult leaves, stem stele, stem cortex and dry seeds.
After electrophoresis and transfer, the corresponding Northern blot was first hybridized with an Arabidopsis H4 histone probe used as a control to indicate the tissues in division, then hybridized with the tobacco L2 cDNA probe. As expected, H4 histone transcripts are more abundant in young tissues, in which cell division is known to occur, than in fully expanded organs (Fig. 3) . Expression of the L2 gene is found in young tissues and germinating seeds. In contrast, L2 mRNAs were detected only at a low level in adult tissues, at the late stage of seed formation and in dry seeds (Fig. 3) .
These results, compared with the expression pattern of the Arabidopsis H4 histone gene, indicate that the gene encoding the cytoplasmic L2 ribosomal protein identified here shows specificity of expression in growing tissues whose cells divide.
Expression during formation and germination of seeds.
There are two main stages in seed formation. The first, in which the embryo is developing corresponds biologically to cell division. In the second, after division stops, storage proteins are accumulated. Biosynthesis of proteins takes place during both stages. These different steps in developing seeds have been well characterised in radish (44). We tested ribosomal L2 protein expression at different stages of radish seed development to study its correlation with cell division. Total RNA was extracted from seeds during development (stages 3 to 5 correspond to cell division and stages 6 and 7 correspond to storage protein accumulation), germination (12 to 48 hours) and dessication. The ribosomal L2 cDNA probe was hybridized to the resulting Northern blot (Fig. 4) . RL2 mRNA is accumulated during the first stages (3,4 and 5) of seed formation, is undetectable during the last stages (6 and 7), and in dry seeds, but reappears early during germination. These results suggest that the expression of the cytoplasmic ribosomal protein L2 gene is correlated with cell division.
Genomic organization of the L2 genes in the genome of tobacco and different plant species Genomic DNA from tobacco (Nicotiana tabacum) was digested with EcoRI and EcoRV which have no recognition sites in the cloned cDNA, and with Hindin (underlined in Fig. 1 ) which has a recognition site before the stop codon of the cDNA. The DNA was electrophorised on an agarose gel and transfered to a Nylon membrane. The 319 bp fragment probe was hybridized to the resulting Southern blot (Fig. 5) . In each digest, the probe hybridizes to two fragments.The hybridizable EcoRI bands are weaker than those with EcoRV, certainly because DNA digestion with EcoRI is incomplete. The size of hybridizable fragments is respectively 2.5 and 2.9 Kb for EcoRI, 2.7 and 3.6 Kb for EcoRV and 2.0 and 2.9 Kb for Hind EQ. The copy number of the L2 gene was estimated in the allotetraploid genome of Nicotiana tabacum (7.8 pg of DNA-45). One, two, five and ten times 10 5 copies of 937 bp L2 cDNA were electrophorised on an agarose gel. Genomic DNA from Nicotiana tabacum was digested with EcoRV, and one (0.39/tg), two (0.78 ng), five (1.95 /tg) and ten (3.9 ng) times 10 5 copies of haploid genome are simultaneously electrophorised on the same gel. The gel was transferred onto a nylon membrane and hybridized to the 319 bp fragment probe (Fig. 6) . The copy number of cytoplasmic L2 gene was established as one gene of each type per haploid genome.These results suggest that Nicotiana tabacum contains two types of cytoplasmic L2 genes.
The conservation of this gene in other plant species, monocots and dicots, was analysed by Southern blot hybridization. Genomic DNA from different dicots, rapeseed (Brassica napus var. Darmor and Furax), radish (Raphanus sarivus), Arabidopsis thaliana, and from one monocot, rice (Oryza saliva var. Columbia), were digested with EcoRI. After electrophoresis and transfer, the corresponding Southern-blot was hybridized with tobacco 319 bp fragment probe (Fig. 7) . All the species show hybridizable fragments. Arabidopsis and radish, which have diploid genomes, show only one hybridizable fragment. In contrast, the allotetraploid genomes of rapeseed lines show two hybridizable fragments. These results are in agreement with those obtained with Nicotiana tabacum. The hybridization pattern with the monocot rice DNA also shows two bands The high hybridization with other dicots and a monocot suggest that the nucleotide sequence of this ribosomal protein is conserved.
DISCUSSION
Identification of cytoplasmic ribosomal protein 12.
This is the first identification of a cytoplasmic L2 ribosomal protein in higher eucaryotes. Three eukaryotic L2 genes have been identified: two in Schizosaccharomyces pombe (SPRKD4, 38 and SPRPK37, 39), and one in Dictyostelium discoideum (DDRPL2, 19). The nucleotide sequence of our clone presents fairly good homologies with the eucaryotic (66-67% identity over the entire sequences) and archebacterial (56% identity over 450 nucleotides) sequences. Similarities with some, but not all, procaryotic or chloroplastic RL2 nucleotide sequences are detectable over short stretches, for example, a 50 nucleotide stretch with the tobacco chloroplastic RL2 gene. l! t Figure 7 . Southern blot hybridization of DNA from different plant species with tobacco L2 cDNA probe. 10/ig of genomic DNAs from Arabidopsis, rapeseed, radish and rice were digested with EcoRI, separated on an agarose gel and transferred onto nylon membrane. The tobacco 319 bp L2 cDNA probe was hybridized to the resulting genomic-blot.
The protein deduced from the nucleotide sequence presents clear homologies with all RL2 proteins ranging from 65,3% identity for the eucaryote Schizosaccharomyces pombe (38) to 32.5% identity for Nicotiana tabacum chloroplast (23) . The homology is particularly high between amino acids 199 to 216 which correspond to the conserved region of the previously published RL2 sequences. The tobacco protein contains Met (204 of our tobacco sequence) and His (209 of our tobacco sequence) residues corresponding to those which are related to peptidyl transferase activity (12, 35) . In addition, the sequence matches the RL2 PROSITE pattern PXXRG[STAV]2XN[AP]X [DE] in the highly conserved region. Procaryotic RL2 proteins (270-280 amino acids) are larger than those of eucaryotes or archeobacteria (235-255 amino acids).
All these facts indicate that the clone encodes a ribosomal L2 protein. The much greater homology of the eukaryotic 60S RL2 protein than to the 50S prokaryotic one, the size of the protein and the presence of a 22 nucleotide poly A tract at the 3' end of the cDNA show that this clone encodes a cytoplasmic 60S ribosoma] L2 protein.
Nevertheless, in the carboxyterminal part of the molecule, the high homology to the eucaryotic 60S ribosomal nucleotide sequences DDRPL2 and SPRPK37 is not conserved when the deduced proteins are compared. We observed that the Dictyostelium sequence, DDRPL2, presents a one base deletion equivalent to position 635 of the tobacco sequence and that the yeast sequence SPRPK37 shows two base deletions corresponding to positions 634 and 674 resulting in a frame shift. A similar observation apply to RL2$NICDE and RL2$SPIOL if compared with the other chloroplast sequences. By filling the deletions with the corresponding nucleotides of the tobacco sequence, the deduced proteins (noted with a star in Fig 3) show homologies with other eukaryotic and archeobacterial L2 proteins over the entire sequence. These results allow us to suggest that the published sequences, RL37$SCHPO and RL2$DICI, may be in part artefactual. In addition it appears that the region of high homology between 50S and 60S RL2 extends over a far longer region than previously suspected. Particularly the pattern HPHGGG (aminoacids 211 to 218 of the tobacco sequence) is present in all RL2 sequences.
Expression of cytoplasmic L2 genes. Cytoplasmic L2 mRNAs are accumulated differentially in plant tissues and in cell suspension according to their developmental stage. The accumulation of L2 mRNA was compared with that of H4 histone mRNA whose expression is much higher in meristematic than in non-proliferating tissues. H4 mRNAs and L2 mRNA s are abundantly accumulated in growing cells, young tissues (leaves, flower buds, roots), germinating seeds and suspension cells in growth phase (Fig. 2,3 ). They are expressed at a very low level in developing seeds and are almost undetectable in mature tissues (leaves, stele, roots, stationary cells) and dry seeds. These results suggest that the cytoplasmic L2 expression is correlated with the growth state of cells. These results confirm those of Lebrun et al. (39) who observed an higher accumulation of maize cytoplasmic S11 ribosomal protein transcripts in growing tissues (4-day old shoot and root seedlings) than in expanded leaves (3 week old). Moreover, we found an abundant accumulation of the mRNA in the first stages of radish seed in formation, which correspond to the cell division phase, but no trace during the last stages corresponding to synthesis and accumulation of storage proteins. These results suggest that transcription of the cytoplasmic L2 ribosomal protein gene occurs mostly when cells are dividing. While the hybridizable band in radish seeds is of the same length as that detected in tobacco, we cannot entirely exclude the presence of other RL2 mRNAs detected in the lower stringency conditions used.
Genomic organization of cytoplasmic L2 ribosomal gene.
The results suggest that Nicotiana tabacum contains two types of cytoplasmic L2 genes. The copy number was established as one gene of each type per haploid genome. Since Nicotiana tabacum is an allotetraploid genome, each gene type could originate from each parent, Nicotiana tomentosiformis and Nicotiana sylvestris.
According to the stringent hybridization conditions, the heterologous cytoplasmic L2 genes belonging to monocots and dicots present 80% homology to the tobacco sequence.This sequence conservation between the plants analysed is higher than between tobacco and Schizosaccharomyces pombe (65% of identity). This suggests that the nucleotide sequence of cytoplasmic L2 ribosomal genes is well conserved in all plant species.
